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The recent availability of radioactive beams has opened up a new era in nuclear
physics. The interactions and structure of exotic nuclei close to the drip lines
have been studied extensively world wide, and it has been revealed that unstable
nuclei, having weakly bound nucleons, exhibit characteristic features such as a
halo structure and a soft dipole excitation. We here review the developments
of the physics of unstable nuclei in the past few decades. The topics discussed
in this Chapter include the halo and skin structures, the Coulomb breakup, the
dineutron correlation, the pair transfer reactions, the two-nucleon radioactivity,
the appearance of new magic numbers, and the pygmy dipole resonances.
1. Introduction
Until the middle of 1980’s, nuclear physics had been developed by investigating
primarily stable nuclei which exist in nature. Many facets of atomic nuclei had
been revealed, which include a mass, density distribution, radius, shell structure,
collective excitations, and various decay modes.1–3 As a natural question, however,
it had been discussed already in the late 1960’s a question on how many neutrons
can be bound for a given number of proton.4–6 The first international symposium
on nuclei far from the stability line was held in 1966 at Lysekil, Sweden,7 followed
by the succeeding conference held in 1970 at CERN.8 The questions which attracted
nuclear physicists at that time include i) where is the neutron drip line? ii) do the
nuclear models which were successful for stable nuclei work also for neutron-rich
nuclei? and iii) the relevance to the r-process nucleosynthesis.4 It is remarkable that
already in 1966 the 8He nucleus was predicted to be stable by about 10 MeV against
a dissociation to 6He + 2n.9 The 11Li nucleus was also predicted to be slightly
3
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Fig. 1. The matter radii of Li isotopes deduced from the measured interaction cross sections with
a carbon target at 790 MeV/nucleon. The solid line shows the systematics known for stable nuclei,
R ∝ A1/3, where A is the mass number. The experimental data are taken from Ref. 10.
unbound, that is, only by 0.6 MeV, with respect to the 9Li+2n configuration.9
The real start of the field of neutron-rich nuclei, however, was much later, that
is, only in 1985, when an anomalously large matter radius of the 11Li nucleus was
experimentally discovered through the measurement of the interaction cross sec-
tion.10 The matter radius was found to deviate largely from the known systematics
in stable nuclei, which scales as A1/3 as a function of mass number A of a nucleus
(see Fig. 1). Together with a fact that the two-neutron separation energy, S2n, is
extremely small for this nucleus (S2n was known to be 190± 110 keV at the time of
1985,11 which has been updated to 378±5 keV12), the large matter radius has been
interpreted to be due to a long tail of the wave function for the weakly bound valence
nucleons.13 This structure is referred to as halo, in which the density distribution
of valence neutron(s) largely extends over the core nucleus. Since the proton and
neutron density distributions are almost the same in stable nuclei, the discovery of
the halo structure was a big surprise. Subsequently, the interpretation of the halo
structure was supported also by the observed narrow momentum distribution of the
9Li nucleus due to the breakup of 11Li.14 It has been recognized by now that this
exotic structure is an important characteristic feature of neutron-rich nuclei, and it
has attracted much attention.
The physics of neutron-rich nuclei has now been one of the main current subjects
of nuclear physics. In fact, new generation RI beam facilities (such as RIBF at
RIKEN in Japan,15 FAIR at GSI in Germany,16 SPIRAL2 at GANIL in France,17
and FRIB at MSU in the USA18) have been, or will soon be, in operation in the
world wide. In this chapter, we summarize the developments of the physics of
unstable nuclei in the past few decades. In Sec. II, we first discuss properties of
one-neutron halo nuclei, that is, nuclei with a tightly bound core nucleus and a
loosely bound valence neutron. We particularly discuss the role of single-particle
angular momentum and the Coulomb dissociation. In Sec. III, we treat two-neutron
halo nuclei. The main focus will be put on the correlation between the valence
neutrons. As possible probes for the correlation, we discuss the Coulomb breakup,
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the two-nucleon radioactivity, and the two-neutron transfer reactions. In Sec. IV,
we consider heavier neutron-rich nuclei. The topics to be discussed include the
matter radii and the neutron skin thickness, the odd-even staggering of interaction
cross sections, alpha clustering, the shell evolution and the deformation, and the
collective excitations such as the pygmy dipole resonances. Finally, we summarize
the chapter in Sec. V.
As the physics of neutron-rich nuclei is diverse, it is almost impossible to cover
all the topics in this chapter. We would like the readers to refer also to review
articles,19–33 and references therein.
2. One-neutron halo nuclei
2.1. Role of single-particle angular momentum
Fig. 2. The density distribution of the 11Be nucleus which is consistent with the measured inter-
action cross sections (see the hatched area). Taken from Ref. 36.
We first discuss properties of one-neutron halo nuclei, for which a weakly-bound
valence neutron moves around a core nucleus. A typical example is 11Be, for which
the interaction cross section has been found considerably large,10,34 similar to the
11Li nucleus. The one neutron separation energy, Sn, is as small as 504± 6 keV,
35
which can be compared to the one neutron separation energy of e.g., 13C nucleus,
Sn=4.95 MeV. This suggests that the
11Be nucleus takes a halo structure. In fact,
the large interaction cross section is consistent with a density distribution with a
long tail, as has been shown in Ref. 36 (see Fig. 2).
It is instructive to consider a simple two-body model with a core nucleus plus
a valence neutron in order to understand the halo phenomenon. That is, we solve
the Schro¨dinger equation,
[
−
~
2
2m
d2
dr2
+
l(l + 1)~2
2mr2
+ V (r) − ǫl
]
ul(r) = 0, (1)
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Fig. 3. The radial wave functions u(r) for the relative motion between the valence neutron and
the core nucleus 10Be in the 11Be nucleus. The upper panel shows the wave functions on the linear
scale, while the lower panel shows the square of the wave functions on the logarithmic scale. The
solid, the dashed, and the dotted lines correspond to the wave functions for the 2s, 1p, and 1d
states, respectively. A Woods-Saxon shape is assumed for the mean-field potential, whose depth
is adjusted for each angular momentum so that the single-particle energy is ǫ = −0.5 MeV
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Fig. 4. The root-mean-square (rms) radii for the 2s, 1p, and 1d states in the 11Be nucleus as a
function of the single-particle energy ǫ. The meaning of each line is the same as in Fig. 3. The
right panel is the same as the left panel, but plotted in the logarithmic scale for the horizontal
axis.
where m is the nucleon mass, l is the single-particle angular momentum, and V (r)
is a spherical single-particle potential. Fig. 3 shows the radial wave function ul(r)
on the linear (the upper panel) and the logarithmic (the lower panel) scales for the
11Be nucleus with the two-body 10Be+nmodel. We use a Woods-Saxon potential for
V (r) with the radius and the diffuseness parameters of R=2.74 fm and a=0.75 fm,
respectively, whereas the depth parameter is adjusted for each angular momentum
September 14, 2018 22:30 World Scientific Review Volume - 9.75in x 6.5in halo6
Exotic nuclei far from the stability line 7
l so that the single-particle energy ǫ is −0.5 MeV. For simplicity, we do not consider
a spin-orbit interaction. The solid, the dashed, and the dotted lines show the wave
functions for the 2s, 1p, and 1d states, respectively. One can clearly see that the
wave function for the 2s state is largely extended, while that for the 1d state is
spatially rather compact. The root-mean-square (rms) radii are 7.17, 5.17, and
4.15 fm for the 2s, 1p, and 1d states, respectively. Fig. 4 shows the rms radii as
a function of the single-particle energy. As one can show analytically,37 the rms
radius diverges for l = 0 and 1 (it behaves as |ǫ|−1/2 for l = 0 and |ǫ|−1/4 for l = 1),
while it converges to a constant value for higher values of l in the limit of zero
binding energy. The halo structure, therefore, has been ascribed to an occupation
of a weakly-bound l = 0 or l = 1 orbit by a valence nucleon near the threshold.37,38
2.2. Coulomb dissociation
The halo structure significantly affects the dissociation process of a one-neutron
halo nucleus in an external Coulomb field. The photoabsorption cross section for a
dipole photon is given by
σγ =
16π3
9~c
Eγ ·
dB(E1)
dEγ
, (2)
where Eγ is the photon energy and
dB(E1)
dEγ
=
1
2ji + 1
|〈ψf ||eE1rY1||ψi〉|
2 δ(ǫf − ǫi − Eγ), (3)
is the reduced transition probability (see e.g., Appendix B of Ref. 3). Here, ψi
and ψf denote the wave functions for the initial and the final states, respectively, ji
being the angular momentum for the initial state ψi. eE1 is the E1 effective charge,
which is given by
eE1 =
Z1A2 − Z2A1
A1 +A2
e, (4)
for a two-body system with a (A1, Z1) + (A2, Z2) configuration.
A characteristic feature of the dipole excitation is that the B(E1) distribution,
dB(E1)/dE, has a strong peak in the low energy region when the binding energy is
small (that is, the soft E1 mode13,39). This large concentration of the E1 strength
near the continuum threshold is caused by the optimal matching of wave functions
between a weakly bound and continuum states. For a transition from an s-wave
state to a p-wave state, the B(E1) distribution can be evaluated analytically as
dB(E1)
dE
=
3~2
π2µ
e2E1
√
|Eb|E
3/2
c
(|Eb|+ Ec)4
, (5)
if one employs a Yukawa function for ψi and a spherical Bessel function for the
radial part of ψf
40–43 (see Refs. 44 and 45 for a general expression with arbitrary
initial and final angular momenta). Here, µ is the reduced mass between the two
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Fig. 5. The B(E1) distribution from a bound s-wave state to continuum p-wave states given by
Eq. (5) for two different values of the binding energy, Eb. It is plotted as a function of the relative
energy of the final continuum state, Ec.
fragments, Eb is the energy of the initial bound state, and Ec is the energy of the
final bound state, that is, the photon energy is Eγ = Ec − Eb = Ec + |Eb|. This
equation indicates that the peak energy appears at Ec = 3|Eb|/5 with the height of
the peak being proportional to 1/|Eb|
2. The total strength is given by
B(E1) =
∫
dE
dB(E1)
dE
=
3~2e2E1
16π2µ|Eb|
. (6)
Therefore, the peak position moves towards low energy as the binding energy, |Eb|,
decreases, and at the same time the height of the peak increases, leading also to
the increase of the total E1 strength. These features can be clearly seen in Fig.
5, which shows the B(E1) distribution given by Eq. (5) for two different binding
energies.
Notice that using Eq. (3) it is easy to derive that the total E1 strength (that
is, the non-energy weighted sum rule) is proportional to the expectation value of r2
with respect to the ground state,
B(E1) =
3
4π
e2E1〈r
2〉i. (7)
As we mention in the previous subsection, the rms radius diverges in the zero
binding limit for l=0 and 1 states, leading therefore to a divergence of the total E1
strength. Thus, an observation of a large E1 strength makes a clear indication of a
halo structure of the nucleus.
Experimentally, the Coulomb dissociation of halo nuclei has been studied by
Coulomb excitation experiments with a heavy target nucleus, such as 208Pb.28 The
Coulomb breakup cross sections are often analyzed by the virtual photon theory, in
which the cross sections are given as a product of the photo absorption cross sections,
Eq. (2), and the virtual photon flux, NE1(Eγ).
46,47 Figure 6 shows the experimental
B(E1) distribution for the 11Be nucleus obtained by the Coulomb breakup reaction
at 72 MeV/nucleon.48 The observed dipole strength shows a strong peak at about
800 keV excitation energy, which is consistent with the binding energy of about
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Fig. 2.6 in Ref. [28]
Fig. 6. The experimental B(E1) distribution for the 11Be nucleus deduced from the Coulomb
breakup with a 208Pb target at 70 MeV/nucleon.48 Taken from Ref. 28.
500 keV. The peak is large, and is again consistent with the halo structure of this
nucleus.
In addition to the large interaction cross sections,49,50 large Coulomb breakup
cross sections are experimentally observed also for 19C and 31Ne.51,52 These nuclei
are thus considered to be good candidates for halo nuclei.
3. Two-neutron halo nuclei
3.1. Two-nucleon correlation
Let us now discuss properties of two-neutron halo nuclei, in which two valence
neutrons are weakly bound to a core nucleus. For these nuclei, one must consider a
(pairing) interaction between the valence neutrons. It has been well recognized that
the pairing correlation plays an important role in nuclear physics.3,53–55 It leads
to an extra binding for even-mass nuclei, and at the same time reduces the level
density in the low energy region. Also, a pairing interaction scatters nucleon pairs
from a single-particle level below the Fermi surface to those above, and consequently
each single-particle level is occupied only partially. For weakly bound nuclei, the
pairing interaction works by scattering nucleon pairs inevitably to unbound states.
If one adopts a three-body model for a two-neutron halo nucleus, one could
view it as a system of two interacting Fermions inside a confining potential. This
is in a sense similar to a problem of interacting Fermion gas in a harmonic trap in
atomic physics (see e.g., Refs. 56 and 57, and references therein). But a problem
is much more challenging in weakly bound nuclei, because a trapping potential
is not an infinite well (in contrast to a harmonic trap) so that the couplings to
continuum are important, and also because a trapping potential itself is constructed
self-consistently from the interaction among nucleons.
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Fig. 7. The two-particle densities for 11Li (the left panel) and for 6He (the right panel) obtained
with a three-body model calculation.67 These are plotted as a function of neutron-core distance,
r1 = r2 ≡ r, and the opening angle between the valence neutrons, θ12. The densities are weighted
with a factor 8π2r4 sin θ12.
Among two-neutron halo nuclei, the so called Borromean nuclei have attracted
lots of attention. These are unique three-body bound systems, in which any two-
body subsystem is not bound.58,59 Typical examples include 11Li and 6He, which
can be viewed as three-body systems consisting of a core nucleus and two valence
neutrons. Since both the n-n and n-core two-body subsystems are not bound, these
nuclei are bound only as three-body systems.
One of the most important current open questions concerning the Borromean
nuclei is to clarify the characteristic nature of correlations between the two valence
neutrons, which do not form a bound state in the vacuum. For instance, a spa-
tial structure of two valence neutrons in the Borromean nuclei has attracted much
attention. As a matter of fact, this has a long history of research as a general
problem in nuclear physics. One of the oldest publications on this problem is by
Bertsch, Broglia, and Riedel, who solved a shell model for 210Pb and showed that
the two valence neutrons are strongly clusterized.60 Subsequently, Migdal argued
that two neutrons may be bound in a nucleus even though they are not bound in
the vacuum.61 The strong localization of two neutrons inside a nucleus has been
referred to as dineutron correlation. It has been shown in Ref. 62 that the dineu-
tron correlation is caused by admixtures of a few single-particle orbits with opposite
parity.
Although the dineutron correlation exists even in stable nuclei,63–65 it is en-
hanced in weakly bound nuclei because the admixtures of single-particle orbits
with different parities are easier due to the couplings to the continuum spectra.
Probably it was Hansen and Jonson who exploited the idea of dineutron correlation
explicitly for exotic nuclei for the first time. They proposed the dineutron cluster
model and successfully analyzed the matter radius of 11Li.13 They also predicted a
large Coulomb dissociation cross section of the 11Li nucleus. In the 1990’s, more mi-
croscopic three-body model calculations for neutron-rich nuclei started.58,59 These
three-body model calculations have revealed that a strong dineutron correlation,
where the two valence neutrons take a spatially compact configuration, indeed ex-
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Fig. 8. The experimental B(E1) distributions for the 11Li (the left panel) and for the 6He (the
right panel) nuclei deduced from the Coulomb breakup measurements. Taken from Refs. 79 and
80.
ists in weakly-bound Borromean nuclei.27,58,59,66–69 It has been shown that the
dineutron correlation exists also in heavier neutron-rich nuclei64,70–74 as well as in
infinite neutron matter.75–77 The diproton correlation, which is a counter part of
the dineutron correlation, has also been shown to exist in the proton-rich Borromean
nucleus, 17Ne.78
Figs. 7(a) and 7(b) show the two-particle density obtained with three-body
model calculations for 11Li and 6He, respectively. These are plotted as a function of
the neutron-core distance, r1 = r2 ≡ r and the opening angle between the valence
neutrons, θ12. A weight of 4πr
2 · 2πr2 sin θ12 has been multiplied. See Ref. 67 for
the details of the calculations. One can see that a large fraction of two-particle
density is concentrated in the region with small opening angle θ12 for both the
nuclei. This is a clear manifestation of the strong dineutron correlation discussed
in this subsection.
3.2. Coulomb breakup
The Coulomb breakup of two-neutron halo nuclei can be discussed in a similar
manner as that of one-neutron halo nuclei discussed in Sec. 2.2. The only difference
is that the E1 operator is now given by
Dˆµ = eE1RY1µ(Rˆ), (8)
where
R =
r1 + r2
2
, (9)
is the center of mass coordinate for the two valence neutrons, and the E1 effective
charge is given by
eE1 =
2Zc
Ac + 2
e, (10)
with Ac and Zc being the mass and charge numbers for the core nucleus.
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Fig. 9. The dipole strength distribution, d2B(E1)/de1de2, of 11Li (the left panel) and 6He (the
right panel) as a function of the energies of the two emitted neutrons relative to the core nucleus.
It is plotted in units of e2fm2/MeV2. See Ref. 82 for the details of the calculations.
The left and the right panels of Fig. 8 show the measured B(E1) distribution
for the 11Li and 6He nuclei,79,80 respectively. Those B(E1) distributions, especially
that for the 11Li nucleus, show a strong concentration in the low excitation region,
similar to the B(E1) distribution for the 11Be nucleus shown in Fig. 6, reflecting
the halo structure of these nuclei. Moreover, the experimental data for 11Li are
consistent with the theoretical calculation only when the interaction between the
valence neutrons is taken into account, strongly suggesting the existence of the
dineutron correlation in this nucleus (see also Ref. 81).
The left and the right panels of Fig. 9 show calculated dipole strength distribu-
tions, d2B(E1)/de1de2, of
11Li and 6He, respectively, obtained with the three-body
model82 together with the Green’s function method for the continuum dipole re-
sponse.83 Here, e1 (e2) is the relative energy between the first (second) neutron
and the core nucleus. One immediately notices that the strength distribution is
considerably different between 11Li and 6He, despite similar ground state density
to each other (see Fig. 7). This difference has been shown to be due to the different
resonance properties of the neutron-core interaction between the two nuclei82 (see
also Ref. 69).
3.3. Charge radii of halo nuclei
Until recently Na was the lightest element of which charge radii (or proton density
distribution radii) of neutron-rich short lived isotopes have been measured. Com-
bined with the measurements of matter radii, the development of neutron skins
thus has been presented for Na isotopes.84 For neutron halo nuclei, interaction
cross section and fragmentation measurements have provided a mean to determine
the matter density distribution. However the proton density distribution could not
be determined directly from such measurements. Although the proton distribu-
tion has been considered no to extend out even when neutron halos are formed,
based on the fact that narrow momentum distributions, that indicate long tails of
distribution, are observed only for a neutron or two-neutron removal channels of
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fragmentation, no direct determination of proton distribution radii (or charge radii)
was possible until recently.
Recent developments of ion traps now provide a means to determine charge
radii of very light neutron rich nuclei including neutron halo nuclei, 6He, 11Li, and
11Be. The charge radii are determined by the isotope shift measurements of atomic
transitions. In a very light atom, the isotope shift δν includes two terms,
δν = δνMS + δνFS. (11)
The first term δνMS is the mass shift that is proportional to the difference of the
masses (A and A′) of two isotopes,
δνMS ∝
A−A′
AA′
, (12)
and δνFS is the field shift which is proportional to the difference of the rms radii of
nuclei,
δνFS ∝ Z ×∆[Ψ(0)]
2 × δ〈r2〉, (13)
where Z is the atomic number of the isotopes and ∆[Ψ(0)]2 is the difference of
the electron wave function at the nuclei. To obtain the field shift, the mass shift
has to be calculated theoretically and then subtracted from the total isotope shift
determined from the measurement.
For a light nucleus as an example, the mass shift term for 6He and 4He is more
than 105 times larger than the shift expected from a change of radius. The mass shift
term cannot be separately measured experimentally so that an accurate theoretical
estimation of this term is necessary in order to determine the charge radii. The
recent development of atomic theory of a few electron system has enabled to do
such a calculations successfully up to three electron systems.85
The charge radii of 6He and 8He have been determined by the ANL group
using ANL/ATLAS and GANIL RIB facilities to be 2.054±0.014 fm and 1.93±0.03
fm, respectively.86,87 Those experiments use a magneto-optical trap of atoms for
precision laser spectroscopy. The charge radii of Li and Be isotopes are determined
by a GSI group using TRIUMF/ISAC facility and ISOLDE RIB facilities.88,89 In
these experiments, a Doppler-free two-photon transition was used for the lithium
measurements88,90,91 and collinear laser spectroscopy with a frequency comb for the
beryllium isotopes.89
The proton distribution rms radii, Rp ≡
√
〈r2p〉, has been calculated from the
charge radii,
√
〈r2ch〉, by,
〈r2ch〉 = 〈r
2
p〉+ 〈ρ
2
p〉+
N
Z
〈ρ2n〉+
3~2
4m2pc
2
, (14)
where rp is the radius of point proton distribution of a nucleus, ρp and ρn are
the charge radii of free proton and free neutron, 〈ρ2p〉 = 0.769 ± 0.012 and 〈ρ
2
n〉 =
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Fig T1
Fig T2
Fig T3
Fig. 10. The matter, proton, and neutron rms radii (Rm, Rp, and Rn) for He, Li, and Be isotopes
determined from the interaction/reaction cross section and the charge radius measurements.
−0.1161±0.0022 fm2,92 and the last term is the so called Darwin-Foldy term (0.033
fm2).93 The relation between matter, proton, and neutron rms radii is written as,
AR2m = ZR
2
p +NR
2
n. (15)
The rms radii of matter (or point nucleon distribution), Rm, have been determined
by the interaction cross section and reaction cross section measurements.84 The
matter (Rm), proton (Rp), and neutron (Rn) radii so determined are presented in
Fig. 10 for He, Li, and Be isotopes. One can clearly see that Rp is much smaller that
that of neutron Rn in neutron rich isotopes and in particular in halo nuclei. However
the proton radius increases slightly when neutron halo is formed. This observation
is consistent with the view of a core+decoupled halo neutron(s) structure of halo
nuclei that has been widely used for modeling halo nuclei. Under this model, the
core of a halo nucleus has the same proton distribution as the isolated core nucleus.
Because of the large distance between the core and the halo neutron(s), the core
moves around the center of mass of the halo nucleus and therefore the proton radius
in a halo nucleus is larger than that of isolated core.
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c.m. 
Fig. 11. The geometry of the three-body model for two-neutron halo nuclei.
3.4. Geometry of two-neutron halo nuclei
Under the assumption of core+ two-neutron for a two-neutron halo nucleus, the
spatial correlation of halo neutrons can be studied. The geometry of the model for
such a nucleus is shown in Fig. 11.
The relation between nucleon, proton, and neutron mean-square (ms) radii for
a nucleus i is given by a similar equation as Eq. (15). Therefore from the measure-
ments of matter and charge radii of a halo nucleus and its core nucleus, all radii
of the halo nucleus, 〈r2m〉, 〈r
2
p〉, and 〈r
2
n〉, and the core, 〈r
2
sm〉, 〈r
2
sp〉, and 〈r
2
sn〉, are
determined. One can also define the ms matter radii of the halo neutrons, 〈r2h〉, and
that of the core, 〈r2cm〉, which are related as,
A〈r2m〉 = Ac〈r
2
cm〉+Ah〈r
2
h〉, (16)
where A, Ac, and Ah are the mass numbers of the halo nucleus, the core nucleus,
and the number of halo neutrons, respectively.
Using the coordinate of the core nucleus, ρc, relative to the center of mass of
the halo nucleus, that is, the movement of the center of the core in the halo nucleus,
the relation between the nucleon, proton, and neutron radii between the core and
the halo nucleus are represented as,
〈r2cp〉 = 〈r
2
p〉 = 〈r
2
sp〉+ 〈ρ
2
c〉, (17)
〈r2cm〉 = 〈r
2
sm〉+ 〈ρ
2
c〉, (18)
〈r2cn〉 = 〈r
2
sn〉+ 〈ρ
2
c〉, (19)
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From those equations, one can obtain the movement of the core, 〈ρ2c〉. Then the ms
radius of the halo distribution, 〈r2h〉, is also determined from Eq. (16).
The distance between the center of mass of the halo nucleus and the center of
mass of the two halo neutrons (r2n) can be calculated from ρc,
A2h〈r
2
2n〉 = A
2
c〈ρ
2
c〉. (20)
The distance between the core and the two-neutron center of mass is
√
〈r2c−2n〉 =√
〈r22n〉+
√
〈ρ2c〉. Let us define the size of di-neutron as the distribution radius of the
neutrons around the center of mass of halo neutrons, rn−n = rn1 − rn2 = 2rdi−n,
and thus r2n−n = 4r
2
di−n, that is, rdi−n is the radius of the di-neutron forming the
halo. The radius of the halo distribution in the halo nucleus and the dineutron
radius is related as,
〈r2h〉 = 〈r
2
2n〉+ 〈r
2
di−n〉. (21)
Using these 〈r2h〉 and 〈r
2
2n〉, one can determine the di-neutron ms radius and thus
the ms separation distance 〈r2n−n〉 of the two halo neutrons. Notice that combining
Eqs. (16), (18), (20), and (21) yields
〈r2m〉 =
Ac
Ac + 2
〈r2sm〉+
1
Ac + 2
(
2Ac
Ac + 2
〈r2c−2n〉+
1
2
〈r2n−n〉
)
, (22)
for Ah = 2.
One can also obtain the two-neutron cross term 〈rn1 · rn2〉 as
〈rn1 · rn2〉 =
1
4
(
A2c〈ρ
2
c〉 − 〈r
2
n−n〉
)
, (23)
from
A2c〈ρ
2
c〉 = 〈(rn1 + rn2)
2〉, and 〈r2n−n〉 = 〈(rn1 − rn2)
2〉, (24)
where Ah = 2 has been used.
The empirical values for those variables for 6He and 11Li, extracted from the
experimental interaction cross sections and charge radii, are shown in Table 1 and
2. Corresponding theoretical values are also shown in the tables for a few model
calculations. The data for 6He and 11Li show that the distance between the core and
the halo neutrons,
√
〈r2c−2n〉, is almost equal to the distance between two neutrons,√
〈r2n−n〉, indicating that two-neutrons are sitting close together and have strong di-
neutron correlations. The opening angle between the valence neutrons with respect
to the core nucleus can be calculated from the empirical values for
√
〈r2c−2n〉 and√
〈r2n−n〉 to be 〈θ12〉 = 58.9 ± 12.6 and 〈θ12〉 = 54.2 ± 3.04 degrees for
11Li and
6He, respectively. (We should remark here that it is misleading to say that two
neutrons are mostly sitting with opening angles obtained in this way. Instead, the
mean opening angle is an average of a smaller and a larger correlation angles in the
density distribution shown in Fig. 7.)
September 14, 2018 22:30 World Scientific Review Volume - 9.75in x 6.5in halo6
Exotic nuclei far from the stability line 17
Table 1. The root-mean-square (rms) radii of 6He.
√
〈r2m〉,
√
〈r2p〉, and
√
〈r2n〉 are the point nucleon, proton, and neutron
rms radii of the nucleus, respectively.
√
〈r2h〉 is the rms radius of the halo-neutron distribution.
√
〈r2
2n〉 is the rms distance
from the center of mass of the nucleus to the center of mass of the two valence neutrons, while
√
〈r2c−2n〉 is the rms distance
from the 4He core to the center of mass of the two valence neutrons. The first estimation for the latter quantity by Wang
et al. was 3.71±0.07 fm.86
√
〈r2n−n〉 is the rms distance between the valence neutrons, while 〈rn1 · rn2〉 is the correlation
of the two valence neutrons. All these radii are given in the unit of fm, except for 〈rn1 · rn2〉, which is given in the unit of
fm2. See text for explanation. GFMC, NCSM, and AMD denote Greens Function Monte Carlo, No-Core Shell Model, and
Anti-symmetrized Molecular Dynamics, respectively.
Experiment GFMC81 Varga94 Esbensen95 Funada96 Zhukov59 NCSM97 AMD98√
〈r2m〉 2.43± 0.03 2.46 2.45 2.23√
〈r2p〉 1.912± 0.018 1.80 1.89±0.04 1.83√
〈r2n〉 2.65± 0.04 2.67 2.67±0.05 2.40√
〈r2n〉 −
√
〈r2p〉 0.808± 0.047 0.87√
〈r2h〉 3.37± 0.11√
〈r2
2n〉 2.52± 0.05 3.42√
〈r2c−2n〉 3.84± 0.06 3.81±0.20 3.63 3.51 3.54√
〈r2n−n〉 3.93± 0.25 4.62 4.55 4.58
〈rn1 · rn2〉 (fm2) 2.70± 0.97 0.54 0.292 0.325
Table 2. Same as Table I, but for 11Li. The first estimation of
√
〈r2c−2n〉 by Sanchez
et al. was 6.2±0.3 fm.88 SHF and TOSM denote Skyrme Hartree-Fock and Tensor
Optimized Shell Model, respectively.
Experiment Esbensen95 SHF99 Zhukov59 TOSM100√
〈r2m〉 3.50± 0.09 2.87 3.39 3.41√
〈r2p〉 2.37± 0.04 2.28 2.34√
〈r2n〉 3.84 ± 0.11 3.06 3.73√
〈r2n〉 −
√
〈r2p〉 1.48± 0.12√
〈r2h〉 6.1± 0.3√
〈r2
2n〉 5.0± 0.5√
〈r2c−2n〉 6.2± 0.5 5.12 6.26 5.69√
〈r2n−n〉 7.0± 1.7 6.77 7.33
〈rn1 · rn2〉 (fm2) 2.70± 0.97
In principle, a similar analysis can be made for 8He. However it is known that
the possible core 6He is known not to be a good inert core and thus 6He + 2n
model is very poor. Instead, it is known from the fragmentation experiment101 that
4He + 4n is a good model of 8He ground state. Following the similar procedure
as above, one can determine the movement of the 4-valence neutron center-of-mass
in 8He,
√
〈r24n〉 to be 1.07±0.05 fm. This value is much smaller than that in
6He,√
〈r22n〉/2 = 1.62 ± 0.03 fm. It is an indication that the four neutrons in
8He are
distributed more uniformly than in 6He.
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Fig. 12. An example of trajectories of the two emitted protons from the two-proton radioactivity
of 45Fe recorded by a CCD camera. Taken from Ref. 114.
Notice that the core-2n rms distance,
√
〈R2〉 =
√
〈r2c−2n〉, for two-neutron halo
nuclei can be estimated also from the Coulomb dissociation cross sections. For the
transition operator given by Eq. (8), the expectation value of R2 in the ground
state can be estimated from the total B(E1) value as
Btot(E1) ∼
3
π
(
Zce
Ac + 2
)2
〈R2〉, (25)
(see also Eq. (7)). Using the experimental matter radii to estimate the rms distance√
〈r2n−n〉, the opening angle between the valence neutrons with respect to the core
nucleus has been extracted as102 〈θ12〉 = 65.2±12.2 degrees for
11Li and 74.5±12.1
degrees for 6He (see also Ref. 103), which agree well with the results of the three-
body model calculation of Ref. 67. The value of 〈θ12〉 for
11Li is consistent also
with the one obtained in Table 1 and 2, although the value for 6He is somewhat
larger.
3.5. Two-nucleon radioactivity
Although the experimental observation of the strong low-lying dipole strength dis-
tribution in the 11Li nucleus (see Fig. 8) has provided an experimental signature
of the existence of dineutron correlation in this nucleus, it is still an open question
how to probe it directly. That is, in the Coulomb breakup process, the ground
state wave function of a two-neutron halo nucleus is perturbed by the external elec-
tromagnetic field of the target nucleus, and it may not be easy to disentangle the
dineutron correlation in the ground state from that in the excited states. It would
be desirable if one could find an observable which reflects only the properties of the
ground state.
The two-proton radioactivity, that is, a spontaneous emission of two valence
protons, of proton-rich nuclei29,104–107 is expected to provide a good tool to probe
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Fig. 13. The energy and the angular distributions of the two emitted neutrons from the two-
neutron radioactivity of 16Be. Taken from Ref. 116.
the di-proton correlation in the initial wave function. Nuclei beyond the proton
drip line are unstable against proton emission, but, since a proton has to penetrate
the Coulomb barrier, their lifetime is sufficiently long to study their spectroscopic
properties. A single-proton radioactivity has been found in many odd-Z proton-rich
nuclei, and has provided a powerful tool to study the spectroscopy of proton-rich
nuclei beyond the proton-drip line.29,104,108–110 When the single-proton emission
is energetically forbidden, proton-rich nuclei beyond the proton drip line decay via
emission of two protons. Even though this process had been predicted theoretically
in 1960,111 its first experimental discovery was much later, only in 2002,112,113 for
the 45Fe nucleus. Subsequently, the energy and the angular distributions of the two
emitted protons were also measured.114 An impressive development in Ref. 114
was the use of a new type of a gaseous detector, in which images of ionizing particle
trajectories can be optically recorded with a CCD camera. An example of recorded
trajectories of the two emitted protons from the two-proton radioactivity of 54Fe is
shown in Fig. 12. This technique was used also for the two-proton radioactivity of
48Ni.115
Very recently, a ground state two-neutron emission was discovered for the first
time for 16Be.116 This is an analogous process of the two-proton radioactivity,
corresponding to a penetration of two neutrons over a centrifugal barrier. For the
16Be nucleus, the one-neutron emission process is energetically forbidden, which
makes 16Be an ideal two-neutron emitter. It is remarkable that the observed energy
and the angular distributions of the two emitted neutrons show a strong indication
of the dineutron correlation in the ground state of 16Be (see Fig. 13).116
3.6. Two-neutron transfer reactions
It has been recognized for a long time that two-neutron transfer reactions are sensi-
tive to the pairing correlation.117–120 The probability for the two-neutron transfer
process is enhanced as compared to a naive expectation of sequential transfer pro-
cess, that is, the square of one-neutron transfer probability.121,122 The enhancement
of pair transfer probability has been attributed to the pairing effect, such as the en-
hancement of pair strength function123,124 and the surface localization of a Cooper
pair.62,125 The pair transfer reaction is thus considered to provide a promising way
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state transitions for the following analysis. The backward
cross section for the ground state therefore may include
some component of excited state transitions.
The tracking efficiency was determined by comparing
the number of identified particles (by the method)
and the number of tracks that hit an array detector at a
consistent position; this comparison was undertaken sepa-
rately for Li and triton ions. The efficiency of Li tracking
was more than 95% and stable from run to run. However
the efficiency of triton tracking depends strongly on the
energy of the triton and was as low as 70% fluctuating from
run to run. Therefore we took this 10% fluctuation as the
uncertainty of the tracking efficiency. The geometrical
efficiency was estimated by a Monte Carlo simulation
that includes detector geometries and energy losses of the
charged particles in the gas.
The number of incident 11Li ions was determined by
counting the incident ions both by the PPAC and signals
from the first 7 cm of the gas detector. The position,
direction, and energy loss along the track of an incident
particle were used to select good incident 11Li ions. The
uncertainty of the incident beam intensity is 1%. The
largest uncertainty in the absolute value of the cross section
comes from the uncertainty of tracking efficiency.
Figure 2(a) shows the determined differential cross sec-
tions of ground state transitions from the measurements
with gas pressure equivalent to 137.4 mbar and 91.6 mbar
at . The center of mass scattering angles were calcu-
lated from the scattering angles of Li and the triton. The
detection efficiencies are shown in panel (b), as a function
of the center of mass angle. At 137.4 mbar, the detection
efficiency drops to zero near cm 110 ; this is because
neither the Li nor the triton could reach the array detector.
The efficiency of event detection near cm 110 was
higher for the 91.6 mbar setting; under this condition,
either the Li ion or the triton will hit the array detector
for all scattering angles.
For any particular 11Li reaction event, the incident en-
ergy depends on the depth of the reaction point within the
gas. In the present experiment cross sections were averaged
over 11Li energies from to MeV. The deduced
differential cross sections corresponding to the two differ-
ent pressure settings were consistent within experimental
uncertainties. The averaged differential cross sections for
transitions to the Li ground state are shown in Fig.
where the error bars on the figure include only statistical
errors. Obviously the data from 105 to 120 were taken
only in the 91.6 mbar measurement. In addition to the error
bars in the figure, the overall systematic uncertainty of
about 10% should be noted.
The cross section for transitions to the first excited state
Ex 69 MeV) is shown also in Fig. . If this state were
populated by a direct transfer, it would indicate that a or
halo component is present in the ground state of
11Li , because the spin-parity of the Li first excited
state is . This is new information that has not yet been
observed in any of previous investigations. A compound
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Fig. 14. The experim n al angular distributions for th 1H(11Li,9Li)3H reaction at 3
MeV/nucleon. Taken from Ref. 132.
to probe the dineutron correlation discussed in Sec. 3.1. However, the reaction dy-
namics is rather complicated and has not even been well established. For instance,
it is only in a recent calculation that a theoretical calculation achieves a satisfactory
agreement with the experimental data.126 It would therefore be not surprising that
the role of dineutron in the pair transfer reaction has not yet been fully clarified.
One example is a relative importance of the one-step (the simultaneous pair
transfer) process and the two-step (the sequential pair transfer) process. In heavy-
ion pair transfer reactions of stable nuclei, both processes are known to play a
role.127–129 For weakly-bound nuclei, most of the intermediate states for the two-
step process are likely in the continuum spectra. It is still an open question how
this fact, together with the Q-value matching condition,130 alters the dynamics of
the pair transfer reaction of neutron-rich nuclei.131
On the other hand, the cross sections for the pair transfer reaction of the Bor-
romean nuclei, 11Li and 6He, have been measured recently.132–137 The data for
the 1H(11Li,9Li)3H reaction at 3 MeV/nucleon indicate that the cross sections are
indeed sensitive to the pair correlation in the ground state of 11Li (see Fig. 14).132
That is, the experimental cross sections can be accounted for only when the s-wave
component is mixed in the ground state of 11Li by 30-50%. Another important
finding in this measurement is that significant cross sections were observed for the
pair transfer process to the first excited state of 9Li,132 which has made a good
support for the idea of phonon mediated pairing mechanism.138
The two-neutron transfer from 6He was investigated using 4He and p tar-
gets at FLNR(Dubna) at 151 MeV.133,134 The angular distribution from the
4He(6He,4He)6He reaction shows dominant contribution from di-neutron configu-
ration (see the dashed line in Fig. 15 (a)). While the wavefunction contains both
the cigar and di-neutron correlation the amplitude of the latter is larger (Fig.15 (b),
see also Fig. 7). The elastic scattering 4He(6He,6He)4He was also studied at center
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Fig.T5 (a) The angular distribution of the two-neutron transfer in the He( He, He) He 
reaction [Oga99a]. The dashed line is the calculation considering di-neutron component of 
the wavefunction while the dotted line is that with the cigar component. (b) The correlation 
densities in the wavefunction of He for the dineutron and cigar components.
Fig. 15. (a) The angular distribution of the two-neutron transfer in the 4He(6He,4He)6He reac-
tion.134 The dashed line shows the calculation consider g the di eutron component of the wave
function while the dotted line is that with the cigar component. (b) The correlation densities in
the wave function of 6He for the dineutron and the cigar components.
of mass energies of 11.6 MeV and 15.9 MeV at the ARENAS facility at Louvain-La-
Neuve.135 An interpretation of the data at both energies133,135 showed that the rise
of cross section at large angle were due to two-neutron transfer. The calculation
was carried out based on the coupled reaction channels approach139 including both
one-step and sequential two-step transfer with realistic form factors. It was further
found139 that the direct two-neutron transfer strongly dominates over the sequential
transfer at the low energies where the minimum in the angular distribution135,139
is due to direct 2n transfer. The sequential transfer becomes more sizable for the
higher-energy data, though direct 2n transfer still dominates. In the analysis in
Ref. 139, 6He was modeled as core +2n bound state wavefunction where two p3/2
neutrons coupled to J=0 (S-wave) and 1 (P-wave). The direct two-neutron trans-
fer was found to be mainly due to the contribution from the S-wave. The P-wave
part of the wave function belongs to the cigar type configuration, which is found to
be a smaller contribution. The main conclusion is thus the same as Ref. 133, and
the dominance of S-wave two-neutron cluster transfer shows strongly correlated two
neutrons in 6He.
The p(6He,4He)t angular distribution133 (Fig. 16) when compared with the
6Li(p,3He)4He, shows a slightly larger cross section for 2n transfer at the center-of-
mass (cm) scattering angles near 60 degrees. This was interpreted to be a signature
of a more disperse 2n wavefunction in 6He compared to the compact d in 6Li. In
both reactions a direct 2n transfer was assumed to be the dominant process. The
p(6He,t) reaction was also studied at 25 MeV/nucleon at GANIL,136 with an aim
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Fig.T6 The angular distirbutions for p( He, He)t (filled circles) and p( Li,
He) He (open circles.Fig. 16. The angular distributions for p(6He,4He)t (the filled circles) and p(6Li,3He)4He (the
open circles).136
at looking into possible t+t cluster existing in 6He beside the interest in exploring
the 4He+2n configuration. The data are closer in magnitude and shape to the 2n
transfer than the transfer of tritons. Therefore, the 4He+2n configuration of 6He is
again confirmed.
In the experiment with a heavier target, that is, the 6He+65Cu reaction at
Elab=22.6 MeV, both the 1-neutron (1n) and the 2-neutron (2n) transfer cross
sections were measured.137 An interesting observation for this system is that the
cross sections for the 2n transfer are much larger than those for the 1n transfer.137
For stable nuclei, usually the 1n transfer cross sections are much larger than the 2n
transfer cross sections,118 and the opposite observation for the 6He+65Cu system
can be regarded as a characteristic feature of a Borromean nucleus. A similar
tendency, although less clearly, has been observed also for the transfer reactions
for the 8He+197Au system at a similar energy.140 This measurement also shows
that the transfer cross sections for the 8He projectile are considerably larger than
those for the 6He projectile at energies around the Coulomb barrier,140 while these
nuclei behave similar to each other in the subbarrier fusion reactions.141 Further
theoretical studies are apparently necessary in order to understand the differences
and the similarities of these Borromean nuclei, 6He and 8He, in several reaction
processes at energies around the Coulomb barrier.
4. Heavier neutron-rich nuclei
4.1. Matter radii and neutron skin thickness
As we mentioned in Sec. 1, interaction cross sections σI are intimately related to
the size of colliding nuclei.49,84 The interaction cross section is defined as a cross
section for the change of the proton number Z and/or the neutron number N of a
September 14, 2018 22:30 World Scientific Review Volume - 9.75in x 6.5in halo6
Exotic nuclei far from the stability line 23
0 2 4 6 8 10 12
r   (fm)
0
0.05
0.1
0.15
0.2
ρ 
  (f
m
-
3 )
neutron
proton
neutron+proton
132Sn
Skyrme Hartree-Fock (SIII)
Fig. 17. The left panel: Neutron rms radii for Na isotopes (the open symbols). These are
deduced from the measured interaction cross sections using the proton rms radii (the filled circles)
obtained with the isotope shift measurements. Taken from Ref. 84. The right panel: the density
distribution for 132Sn obtained with the Skyrme-Hartree-Fock method with the SIII parameter
set.
projectile nucleus after the interaction with a target nucleus. Another important
quantity is a reaction cross section σR, which is defined as the total cross section
minus elastic cross section, that is, the sum of the interaction cross section and the
inelastic scattering cross section. Interaction cross sections are easier to measure
than reaction cross sections, while the opposite is the case for a theoretical evalua-
tion. For neutron-rich nuclei, cross sections for inelastic scattering are expected to
be negligibly small at high incident energies,142–144 and the interaction cross sec-
tions are almost the same as the reaction cross sections. Because of this, measured
interaction cross sections have often been compared to calculated reaction cross
sections.
Reaction cross sections have often been analyzed by the Glauber the-
ory.30,143,145,146 In the optical limit approximation to the Glauber theory, together
with the zero range approximation to the nucleon-nucleon interaction, the reaction
cross section is given by147,148
σR = 2π
∫
∞
0
bdb
[
1− exp
(
−σNN
∫
d2sρ
(z)
P (s)ρ
(z)
T (s− b)
)]
, (26)
where b is the impact parameter and s = (x, y) is the plane perpendicular to z.
σNN is the total NN cross section, and ρ
(z)(s) is defined by ρ(z)(s) =
∫
dzρ(r),
ρP and ρT being the projectile and the target densities, respectively. It has been
known that the optical limit approximation overestimates reaction cross sections for
weakly-bound nuclei.149–153 In order to cure this problem, Al-Khalili and Tostevin
developed a few-body treatment for the Glauber theory.152 Abu-Ibrahim and Suzuki
have also proposed another simple method which effectively takes into account the
higher order corrections.153
The left panel of Fig. 17 shows the neutron rms radii for Na isotopes (the open
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symbols)84 deduced from the measured interaction cross sections together with the
proton rms radii (the filled circles) obtained from the isotope shift measurements.
The figure indicates that the neutron rms radii are significantly larger than the
proton rms radii for neutron-rich Na isotopes. This suggests that the neutron
density distributions are largely extended over the proton density distributions,
despite that there is no clear separation between a core nucleus and valence neutrons
as in halo nuclei discussed in Sec. 2 and Sec. 3 (see Refs.154–159 for the halo
structure in heavy nuclei). This structure is referred to as skin structure.160–162
It should be mentioned that the skin structure is not necessarily related to s- and
p- wave single-particle orbits, in contrast to the halo structure.161 That is, the
skin structure can be realized even with higher angular momentum states. As an
example of skin nucleus, the right panel of Fig. 17 shows the density distribution for
132Sn obtained with the Skyrme-Hartree-Fock method163 with the SIII parameter
set.164
As we have discussed in Sec. 3.3, in order to discuss the skin thickness of neutron-
rich nuclei, one needs both the matter and charge radii. For Na isotopes shown in
Fig. 17, the proton radii have been obtained with the isotope shift measurements.
The isotope shift measurement is not always applicable, however. In that case, one
may use the charge changing cross section to estimate the rms radii for the proton
distribution.165–169 This is the cross section for a change in the charge number Z,
and is considered to be sensitive to the proton distribution.170,171 Alternatively,
one may use the proton elastic scattering measurement.172,173 A yet novel method
to extract the information on the proton distribution of neutron-rich nuclei is to
use the electron scattering. Using a self-containing RI target (SCRIT), an attempt
has already been successfully commenced at RIBF at RIKEN, Japan.174,175
4.2. Odd-even staggering of interaction cross sections
The experimental interaction cross sections for neutron-rich nuclei often show a
large odd-even staggering (OES). That is, the cross section for an odd-mass nucleus
is significantly larger than the cross sections for the neighboring even-mass nuclei.
A typical example is the interaction cross sections for 30,31,32Ne, measured recently
by Takechi et al. (see the left panel of Fig. 18).50 In Ref. 176, the odd-even
staggering was analyzed by introducing the staggering parameter defined as
γ3 = (−)
AσI(A+ 1)− 2σI(A) + σI(A− 1)
2
, (27)
where σI(A) is the interaction cross section of a nucleus with mass number A. The
right panel of Fig. 18 shows the experimental staggering parameter γ3 for Ne iso-
topes as a function of the neutron separation energy for the odd-mass nuclei. It
is compared with the results of the Hartree-Fock-Bogoliubov (HFB) calculations
that takes into account the pairing correlations in the mean-field approximation.
One can clearly see that the staggering parameter γ3 increases rapidly for small
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Fig. 18. The left panel: The experimental interaction cross sections for Ne isotopes with a
carbon target at around 240 MeV/nucleon. The inset shows rms radii of stable nuclei. Taken
from Ref. 50. The right panel: the odd-even staggering parameter defined by Eq. (27) for Ne
isotopes as a function of the one-neutron separation energy for the odd-mass nuclei.176 The solid
line shows the result of the Hartree-Fock-Bogoliubov calculations.
separation energies, and goes up to a large value reaching γ3 ∼ 80 mb. Also, the
experimental staggering parameters agree well with the HFB calculations, suggest-
ing that the pairing correlation plays an important role in the odd-even staggering
of the interaction cross sections.
4.3. Alpha cluster in neutron-rich nuclei
The α cluster model has been successful in describing the structure of light N = Z
nuclei.177,178 In neutron-rich nuclei, extra neutrons are surrounding tightly-bound
alpha particles. A new theoretical framework, the antisymmetrized molecular dy-
namics (AMD), has been developed by Horiuchi et al.,179 which has been suc-
cessfully applied to neutron-rich nuclei.180–182 In this method, a many-body wave
function is assumed to be a parity- and angular momentum projected Slater de-
terminant with multi-centered Gaussian single-particle wave functions. Generator
coordinate method (GCM) calculations with such Slater determinants have also
been considered.183 In this method, the alpha cluster is not assumed a priori, in
contrast to the conventional cluster model, but it can emerge as a result of the
energy minimization. The AMD calculations show that the cluster structure is de-
veloped and stabilized in some neutron-rich nuclei,180 which can be well interpreted
in terms of the molecular-orbital picture.184,185
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Fig. 19. The measured B(E2) values for N = 20 even-even nuclei. The solid and the dashed
lines are the results of the shell model calculation with the model space of sd+pf shells and sd
shells, respectively. Taken from Ref. 196.
4.4. Shell evolution: change of spherical magic numbers in neutron-
rich nuclei
The shell closures and the associated magic numbers are one of the most important
concepts in nuclear physics.186 For stable nuclei, these magic numbers correspond
to 2, 8, 20, 28, 50, 82, and 126. That is, if either the neutron number or the proton
number (or both) coincides with one of these numbers, that nucleus is particularly
rigid and takes a spherical shape. In general, the first 2+ state has a relatively large
excitation energy in nuclei at the shell closures. However, a β-decay spectroscopy
studies had revealed by the middle of 1980’s that the first 2+ state of the neutron-
rich 32Mg nucleus, which has N = 20, lies at as small as 0.886 MeV, suggesting a
deformed shape of this nucleus.187–189 These experimental data stimulated lots of
theoretical studies,190,191 in which the nuclei around 32Mg have been referred to as
the nuclei in the island of inversion.191 That is, the relative position between the
deformed 2-particle-2-hole intruder state and the spherical 0-particle-0-hole state
is inverted in this region. In 1995, Motobayashi et al. carried out the Coulomb
excitation measurement of 32Mg to the first 2+ state, and extracted a large B(E2)
value.192 The large B(E2) value is consistent with the nuclear deformation (see
Fig. 19),193–195 and it has been concluded that the conventional N = 20 magic
number does not hold in neutron-rich nuclei (see also Refs. 197 and 198). A similar
disappearance of shell closure has been observed also for N = 8 199 and N = 28.200
A striking finding was that N = 16 becomes a spherical magic number in
neutron-rich nuclei, accompanied by the disappearance of the N = 20 magicity.
Ozawa et al. pointed out this fact by investigating systematically the neutron sep-
aration energy in the neutron-rich p-sd and the sd shell regions201 (see also Refs.
202–205). When the neutron separation energy is plotted as a function of neutron
number, it suddenly decreases across the shell closure. Ozawa et al. showed that it
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Fig. 20. Systematics of one neutron separation energy, Sn, for neutron-rich nuclei. The upper
(a) and the lower (b) panels correspond to even-Z and odd-Z nuclei, respectively. The data for
nuclei with same N−Z are connected with the lines. For the upper (lower) panel, with decreasing
order, the lines correspond to N − Z = 1, 3, 5, 7, and 9 (N − Z = 0, 2, 4, 6, and 8). A small panel
on r.h.s. shows spectroscopic factors of 2s1/2 orbit in N=15 isotones. Taken from Ref. 201.
indeed happens at N = 16 for nuclei with N − Z > 6 (see Fig. 20),201 indicating
that the spherical magic number is shifted from N = 20 to 16 in neutron-rich nu-
clei. Notice that the new magic number N = 16 implies that the neutron-rich 24O
nucleus with Z = 8 and N = 16 is a double magic nucleus.206,207
It is an important question to ask what makes the spherical magic numbers
change in neutron-rich nuclei. Single-particle energies in a Woods-Saxon potential
already show a quasi-degeneracy of 2s1/2 and 1d5/2 states and that the energy gap at
N = 16 develops in weakly-bound systems.201,208 More microscopically, Otsuka et
al. have argued that the tensor force as well as the spin-spin force of (σ ·σ)(τ ·τ) type
have a responsibility for the change of shell structure in neutron-rich nuclei.209,210
For instance, the attractive spin dependent interaction between the proton d5/2
orbit and the neutron d3/2 orbits leads to a down-shift of the neutron d3/2 state in
stable nuclei such as 3014Si16, making the conventional shell gap at N = 20. In the
24
8 O16 nucleus, on the other hand, the protons do not occupy the d5/2 orbit, and
thus this attraction does not work in the neutron orbits. Consequently, the energy
shift of the neutron d3/2 state does not happen, and the energy gap appears at
N = 16.209,210 A similar effect may affect also the shell structure in heavier regions,
e.g., the magic numbers for superheavy elements.211
4.5. Deformed halo nuclei
In the vicinity of the stability line, it has been well known that many open-shell nu-
clei are deformed in the ground state. The nuclear deformation generates the collec-
tive rotational motion, which is characterized by a pronounced rotational spectrum
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Fig. 21. The probability of each angular momentum component in a single-particle wave function
in a deformed mean-field potential. It is plotted as a function of the corresponding single-particle
energy, ǫm. Taken from Ref. 218.
as well as strongly enhanced quadrupole transition probabilities. As we mentioned
in the previous subsection, the first evidence for nuclear deformation in neutron-
rich nuclei was the observation of a low-lying state in the 32Mg nucleus. Another
well known example is the so called parity inversion phenomenon in 11Be.212 If one
used a a naive spherical shell model, one would expect that the valence neutron in
11Be occupies the 1p1/2 state in the ground state and the first excited states can
be constructed by promoting the valence neutron to the sd shell, that is, the first
excited state would be a positive parity state. However, the observed ground state
of the 11Be is 1/2+ state and the first excited state is 1/2− state at 0.324 MeV.213
This appears as if the 2s1/2 and the 1p1/2 states are inverted in energy. This par-
ity inversion problem has been naturally explained by considering that 11Be is a
deformed nucleus.214–216
A single-particle motion in a deformed mean-field potential is well known as
a Nilsson orbit.2,3 As a deformed mean-field potential does not have rotational
symmetry, the corresponding single-particle wave functions are obtained as a linear
combination of several angular momentum components. Misu et al. have pointed
out that the s-wave component, when it contributes, becomes dominant in a de-
formed wave function as the separation energy decreases, and eventually it gives a
100% contribution in the limit of zero separation (see Fig. 21).217 They have also
shown that the p-wave component becomes dominant for negative parity states,
although it does not give a 100% contribution even in the zero binding limit.217 See
also Refs. 218 and 219 for related publications, and Refs.220,221 for self-consistent
mean-field calculations for deformed halo nuclei.
As we discussed in Sec. 2.1, the halo structure has been attributed to an oc-
cupation of s or p single-particle orbit. The s and p wave dominance phenomenon
in a deformed single-particle state suggests that the nuclear deformation enhances
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a chance for a halo formation in weakly bound nuclei. The first evidence for a de-
formed halo was observed recently for the 31Ne nucleus.50,52 For this nucleus, both
the Coulomb breakup cross section and the interaction cross section are found to
be large, which clearly suggest a halo structure of this nucleus. Although a naive
shell model indicates an occupation of the 1f7/2 state by the valence neutron, the
halo structure can be easily understood by considering a deformation, by which the
p-wave component can be largely coupled in the wave function.222–224 For instance,
Urata et al. have carried out a particle-rotor model calculation214 for this nucleus
and shown that Ipi = 3/2− is a good candidate for the ground state of 31Ne, in
which the component of the p3/2 state coupled to the ground state of
30Ne is as
large as 44.9%.223
4.6. Collective excitations of neutron-rich nuclei
It has been well known that there are variety of collective excitations in atomic
nuclei.2,3,225,226 For stable nuclei, these collective motions are approximately clas-
sified either as isovector or isoscalar types, in which the proton and the neutron
motions are out-of-phase or in-phase, respectively. In neutron-rich nuclei, on the
other hand, the isovector and the isoscalar modes are coupled to each other due to
a large asymmetry in proton and neutron numbers.227,228 That is, a collective state
may have both the isoscalar and isovector characters. In the extreme case, a pure
neutron mode, in which only neutrons contribute to the collective excitation, may
arise in neutron-rich nuclei.229,230 A candidate for such neutron mode has been
experimentally observed in 16C.231–233
There have also been lots of theoretical developments in descriptions of collective
excitations in neutron-rich nuclei. Theoretically, the random phase approximation
(RPA) has provided a convenient and useful method to describe excited states of
many-fermion systems.225 In this method, excited phonon states are described as
a superposition of many 1-particle 1-hole states. For weakly bound nuclei, the
continuum effects play an essential role due to a much lower threshold energy com-
pared to stable nuclei. The continuum RPA method was first developed by Shlomo
and Bertsch,234 which was subsequently applied to self-consistent calculations of nu-
clear giant resonances with Skyrme interaction by Liu and Van Giai.235 Hamamoto,
Sagawa, and Zhang have extensively applied this method to nuclear responses in
neutron-rich nuclei.227,228,236,237 An extension of the continuum RPA to deformed
nuclei has also been carried out by Nakatsukasa and Yabana.238 Another important
development was to include the pairing effects in the continuum RPA. As we dis-
cussed in Sec. 3, the pairing and the continuum couplings play an essential role in
neutron-rich nuclei. These effects can be taken into account by extending the RPA
to the quasi-particle RPA (QRPA). The continuum QRPA method on top of the
ground state described by the Hartree-Fock-Bogoliubov method has been developed
by several groups,123,124,230,239–247 and has been applied to neutron-rich nuclei.
Recently, much attention has been paid to low-lying dipole (E1) strength in
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Fig. 22. The experimental data for the Coulomb excitation (the left panels) and the photo-
neutron (the right panels) cross sections for 124Sn, 130Sn, and 132Sn. Taken from Ref. 254.
neutron-rich nuclei, which has often been referred to as pygmy dipole resonance. It
has been well known that the dipole strength is far dominated by the giant dipole
response (GDR)225,226 (see also Ref. 248 for a recent complete measurement for
the dipole strengths in 208Pb over a wide range of excitation energy). However,
nuclei with a neutron excess often show a low-lying dipole strength at energies
much lower than the GDR. The pygmy dipole resonances have been experimentally
found not only in neutron-rich nuclei249–255 but also in stable nuclei256–266 (see Fig.
22). The pygmy dipole resonance is important also from the astrophysical point of
view, as it affects significantly a radiative neutron capture rate, which is relevant
to the r-process nucleosynthesis.267 Although the exact nature of the pygmy dipole
resonance has not yet been clarified completely, it has been pointed out that the
pygmy dipole strength is strongly correlated with the neutron skin thickness268,269
(see, however, also a counter argument in Ref. 270). As the neutron skin thickness
is intimately related to the equation of state (EOS) in asymmetric nuclear mat-
ter,271 it is expected that the information on the nuclear matter properties, such as
the symmetry energy coefficients, may be obtained by studying the pygmy dipole
strength in neutron-rich nuclei.255
5. Summary
Physics of unstable nuclei has been developed rapidly thanks to the recent availabil-
ity of radioactive beams in the world. A new era has been commenced in nuclear
physics, where the isospin degree of freedom, that is one of the fundamental quan-
tum numbers in atomic nuclei, can be controlled in self-bound interacting Fermion
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systems. Many new features of atomic nuclei have been discovered or theoretically
discussed so far, as we have reviewed in this Chapter. We list some of these below:
(1) The most prominent discovery was the halo structure, in which the neutron
density distribution largely extends over the proton distribution. In stable
nuclei, the neutron and the proton distributions are similar to each other within
a scaling factor, and thus the halo structure is a clear manifestation of the
decoupling of proton and neutron in weakly bound nuclei. The halo structure
is ascribed to an occupation of either s or p orbits, for which the root mean
square radius diverges in the zero binding limit. Typical examples of the halo
nuclei include 6He, 11Li, and 11Be. 31Ne has also been identified recently as a
deformed halo nucleus.
(2) A similar decoupling effect is the skin structure. While the halo structure
corresponds to a long low-density tail of neutron distribution, the skin structure
corresponds to a layer of extremely neutron-rich matter. The matter radii
of neutron-rich nuclei have been systematically studied with interaction cross
section and isotope shift measurements.
(3) Neutron-rich nuclei often show a soft dipole excitation, that is, dipole strengths
in the low excitation energy region. For halo nuclei, the soft dipole mode
is attributed to the threshold effect, that is, the optimal matching of wave
functions between a weakly bound and continuum states. For skin nuclei, the
low-lying dipole resonances have been referred to as the pygmy dipole mode.
Even though the exact nature of the pygmy dipole mode has not yet been fully
clarified, it has been expected that it is closely related to the equation of state
of asymmetric nuclear matter.
(4) The dineutron correlation in neutron-rich nuclei, such as 11Li and 6He, has been
theoretically predicted. This is a spatial correlation, with which two valence
neutrons take a compact configuration. The recent experimental data for the
Coulomb dissociation of 11Li strongly suggests the existence of the dineutron
correlation in 11Li. A similar correlation in proton rich nuclei, that is, the
diproton correlation has also been predicted. The two-nucleon radioactivities
as well as the two-neutron transfer reactions are expected to provide a direct
probe of the dineutron correlation.
(5) Another important feature in neutron-rich nuclei is the change of (spherical)
magic numbers. It was considered that the magic numbers exist independently
for proton and neutron. However in neutron-rich nuclei some of the magic
numbers have been found to disappear (N=8 and 20) and a new spherical
magic number appears (N=16). These changes have revealed the importance
of tensor interaction.
A new generation RI beam facility, RIBF, at RIKEN, Japan, has already been in
operation, and other new generation facilities, such as FAIR (Germany), SPIRAL2
(GANIL), and FRIB (USA), will also be in operation in a few years. We are now
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at a stage in which we gain a deep insight in nuclear many-body systems, from
stable nuclei to weakly-bound unstable nuclei in a unified manner, and are about
to explore a vast terra incognita272 in the nuclear chart.
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